Using photoelectron angular streaking by strong circularly polarized laser pulses, we measure angulardependent tunneling rates from the inner orbitals of O 2 in the molecular frame, which correlate with the strong-field molecular dissociative ionization process. We show that the electronic density of molecular inner orbitals can be visualized by angular tunneling rates in the molecular frame. We demonstrate the orbital-by-orbital characterization of tunneling ionization from randomly oriented molecules. Compared with the single-active-electron approximation theories, i.e., the molecular strong-field approximation and the molecular Ammosov-Delone-Krainov model, the experiment shows that the tunneling from the excited states and the state coupling might play an important role in strong-field molecular tunneling ionization. Our results suggest major advances in quantum theory needed for molecular inner orbital tunneling and open intriguing perspectives to probe quantum dynamics related with molecular core electrons. Construction of the electronic structure of molecules is one of the ultimate goals of molecular physics and chemistry [1] . Quantum tunneling is one of the basic processes to image the electronic structure of surfaces [2] and molecules [3] [4] [5] . The imaging on molecular orbitals is of paramount interest because of various applications. The techniques of imaging molecular orbitals can allow us to validate the molecular orbital theory that is based upon the linear combination of atomic orbitals approximation [6] . The general methods with wide applications on imaging the molecular highest occupied molecular orbital (HOMO) are to use angle-resolved photoelectron spectroscopy [7] and scanning tunneling microscopy [8] . Moreover, the benchmark work imaging the outermost electronic structure (e.g., HOMO) in N 2 molecules has been demonstrated [9] by measuring high-order harmonic generation (HHG). Since HHG starts with electron tunneling and ends with interferences at the instant of recombination, the method using HHG to construct the molecular orbitals is a nondirect way, and the revival procedure requires a more complicated theory [10, 11] .
Construction of the electronic structure of molecules is one of the ultimate goals of molecular physics and chemistry [1] . Quantum tunneling is one of the basic processes to image the electronic structure of surfaces [2] and molecules [3] [4] [5] . The imaging on molecular orbitals is of paramount interest because of various applications. The techniques of imaging molecular orbitals can allow us to validate the molecular orbital theory that is based upon the linear combination of atomic orbitals approximation [6] . The general methods with wide applications on imaging the molecular highest occupied molecular orbital (HOMO) are to use angle-resolved photoelectron spectroscopy [7] and scanning tunneling microscopy [8] . Moreover, the benchmark work imaging the outermost electronic structure (e.g., HOMO) in N 2 molecules has been demonstrated [9] by measuring high-order harmonic generation (HHG). Since HHG starts with electron tunneling and ends with interferences at the instant of recombination, the method using HHG to construct the molecular orbitals is a nondirect way, and the revival procedure requires a more complicated theory [10, 11] .
The molecular HOMO orbitals can also be imaged by measuring the angular distribution of Coulomb explosion components [12] or measuring the angular ionization of an ensemble of highly aligned molecules [13] . Recently, electron tunneling [14] by strong laser fields was invoked to image the molecular outmost orbitals [3] [4] [5] . The observable using strong-field tunneling is the molecular frame photoelectron angular distributions (MFPADs), which are setting a new standard for the detailed interrogation of molecular dynamics. Both experimental and theoretical studies have verified that MFPADs, i.e., the angular-dependent ionization rate, can map the electron-density profile or the shape of the molecular orbitals. Now, singly molecular tunneling ionization by strong laser fields has successfully been described by the molecular Ammosov-Delone-Krainov (MO-ADK) model [15, 16] and the * yunquan.liu@pku.edu.cn molecular strong-field-approximation (MO-SFA) theory [17] . More elaborate calculations, i.e., time-dependent Schrödinger equations [18] and multielectron time-dependent densityfunctional theory [19] , have been performed for molecules. Most of the currently available molecular tunneling theories are developed within single-active-electron (SAE) approximation. Recently, several experiments have demonstrated that the low-lying orbitals can contribute to the molecular tunneling process, e.g., high harmonic generation [10, 20] and molecular ionization [4, 5] . Direct measurement of MFPADs from the low-lying orbitals can test and can help improve the molecular tunneling theory.
In this Rapid Communication, we present the measurement of MFPADs of strong-field tunneling from the inner orbitals of the O 2 molecule. We find that, besides the outmost orbital HOMO, the inner orbitals, i.e., the HOMO-1 and HOMO-2, can significantly contribute to singly molecular ionization. The measured angular tunneling ionization rates in the molecular frame can uniquely mimic the molecular inner orbitals from which electrons tunnel. We compare the measured MFPADs with the calculations of MO-SFA, MO-ADK, and Stark-corrected ADK models and show that those molecular tunneling models are not good enough to qualitatively describe molecular inner electron tunneling. The MFPADs of multiphoton above-threshold dissociation (ATD) of O 2 also are measured, which is very sensitive to the driving laser fields. The experimental findings indicate that the tunneling from the excited states and the state coupling might play important roles in electron tunneling from molecular inner orbitals.
Oxygen, as a general diatomic molecule, has a ground-state molecular orbital configuration of (σ g 1s) 2 (σ u 1s) 2 
The HOMO, HOMO-1, and HOMO-2 orbitals of O 2 are π g 2p, π u 2p, and σ g 2p, respectively. The contour plots of the wave function of those orbitals are shown in Fig. 1(a) , which are constructed using the STO-3G basis set in the GAUSSIAN 03 software package [21] . The adiabatic ionization potential Internuclear distance (Å) [22, 23] . The electrons tunneling from those orbitals will result in coherent superposition of several electronic states. The involved electronic states of the singly dissociative ionization of O 2 are shown in Fig. 1 (b) Those potential-energy curves for O 2 + are adapted from Ref. [24] .
Experimentally, the oxygen molecules were ionized by circularly polarized Ti:sapphire laser pulses (25 fs with a center wavelength of ∼795 nm or 8 fs with a center wavelength of ∼760 nm) at a repetition rate of 3 kHz. We employed the advanced coincidence imaging technique, i.e., reaction microscopy [25] , to measure the MFPADs for the tunneling from the molecular inner orbitals. We applied an electric field (12 V/cm) and a magnetic field (12 G) along the time-of-flight direction to guide the particles onto the separated electron and ion detectors. By measuring the time of flight and position of the coincident particles on the detectors, one can determine the three-dimensional momentum vector of each fragment. To measure the angle-dependent ionization probabilities in the molecular frame, we employed the concept of photoelectron angular streaking with circularly polarized laser pulses [5, 26] . The rotating laser field will suppress the recollision of tunneled electrons, and ignoring the ion potential, the asymptotic electron momentum vector readily is locked to the phase of the laser field. Since the motion of ions does not follow the light fields because of the heavier mass, the instantaneous molecular axis is along the emission direction of the fragment ion at the instance of bond breaking. Without alignment of O 2 , we constructed the angular tunneling rates in the molecular frame by measuring the angular and energy distributions of the photoelectrons in coincidence with the dissociative molecular ions.
A large percentage of the molecular ions O 2 + that are singly ionized from the HOMO is very stable. Since the molecular axis of those nondissociative molecular ions cannot be determined within the axis recoil approximation, we did not measure the angle-dependent tunneling probability of the HOMO for the ionization channel of O 2 → O 2 + + e. The angle-dependent ionization from the HOMO has been measured using the molecular prealignment approach [13] . We measured the MFPADs through the dissociative process of O 2 → O + + O + e. In order to pick up the weaker dissociation rate for the coincidence measurement, we have kept the peak intensity below 4 × 10 14 W/cm 2 and have to run the experiment over weeks for data collecting. 
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MOLECULAR-FRAME PHOTOELECTRON ANGULAR . . . PHYSICAL REVIEW A 88, 061401(R) (2013) vibrational state distribution. The existence of low kineticenergy components of O + from the singly dissociative channel also was observed in the dissociative ionization process by few-cycle linearly polarized laser fields [27] . Since the a 4 u lies lower, it is expected to be more strongly populated. The high-resolution low-energy peaks near zero are arising from the above-threshold dissociation of the lower vibrational levels of a 4 u . The a 4 u state can further be promoted into the O + /O dissociation continuum by more photon absorption through the coupling with the f 4 g state, which will result in peak III that appears about 1.5 eV higher than the low-energy group.
Using a long laser pulse of 25 fs, the tunneling probability from the HOMO-2 increases. Two more peaks at about 0.9 eV (peak II) and 2.4 eV (peak IV) appear in the kinetic-energy spectra as shown in Fig. 3(a) (at 1.8 × 10 14 W/cm 2 ) and Fig. 3(b) (at 3 × 10 14 W/cm 2 ). This may result from the resonant excitation for the longer laser pulse. The measured kinetic-energy spectra indicate that the broad spectral bandwidth in shorter pulse duration does not guarantee more efficient laser coupling in such close molecular surfaces. Below the saturation intensity, the relative yield of peaks changes slightly with respect to the laser intensity. The peak II results from the removal of an electron from the HOMO-2 (σ g 2p), which will finally dissociate through the b
Similarly, by two-photon absorption from the b 4 g −1 , the molecular ion can reach higher unbound states. This channel will dissociate through the unbound 4 u state, resulting in the kinetic-energy peak IV.
Besides the kinetic-energy release, we have measured the angular tunneling rates in the molecular frame for those dissociative ionization channels by measuring the fragment of the O + ion in coincidence with the tunneled electrons. Figure 2(b) shows the polar plot of the angular tunneling rate of the HOMO-1 using 8-fs circularly polarized pulses at the intensity of 2.5 × 10 14 W/cm 2 . The dissociation channel with a lower kinetic energy of <0.7 eV is through bond softening, which is similar to H 2 exposed in intense laser fields [28] . For comparison, we show the angular tunneling rates in a molecular frame from the HOMO-1 in Fig. 3(c the HOMO-1 is observed along the molecular axis using 25-fs laser pulses, which are similar to the shape of the molecular orbital (π u 2p).
The measured angular tunneling rates from the HOMO-2 of O 2 are shown in Fig. 3(d) (at 1.8 × 10 14 W/cm 2 ) and Fig. 3(h) (at 3 × 10 14 W/cm 2 ) for 25-fs pulses, respectively. The measured angular tunneling rate for the HOMO-2 is much narrower along the molecular axis compared with that of the HOMO-1. The maximum of tunneling probability is observed along the molecular axis. The overall shape of the measured angular tunneling distribution is very similar with the calculated molecular orbital of 3σ g . The measured angledependent tunneling probabilities in the molecular frame can uniquely differentiate those inner valence orbitals and can map the overall electronic structure of the HOMO-1 (π u 2p) and the HOMO-2 (σ g 2p) of O 2 .
Because the kinetic energy of O + among those dissociative channels is very close, we are not able to separate the ionization from the HOMO-1 and HOMO-2 completely. For 8-fs pulses at the intensity of 2.5 × 10 14 W/cm 2 , the ionization contribution from the HOMO-2 becomes less evident. Using 25-fs pulses, the dissociation probability from the HOMO-2 is enhanced as compared with that by using few-cycle pulses. With multipeak Gaussian fitting on the kinetic-energy distributions, we estimate that the contribution of peak II on peak I will reach about ∼8%, and the contribution of peak I and peak III on peak II will reach about 15% at the intensity of 3 × 10 14 W/cm 2 . In order to quantify the tunneling probability from the inner electronic orbitals of O 2 , we have performed the calculations on the angle-dependent ionization probability from the HOMO, HOMO-1, and HOMO-2 orbitals of O 2 using both MO-ADK and MO-SFA models at different laser intensities and pulse durations [29] . We show the calculated angle-dependent ionization probabilities of the HOMO-1 and HOMO-2 of O 2 with the MO-ADK and MO-SFA models for the 25-fs laser pulse at the intensity of 3 × 10 14 W/cm 2 in Figs. 4(a) and 4(b) [also seeing the polar plots in Figs. 3(c)  and 3(d) ], respectively. For comparison, the measured angular tunneling probabilities of the HOMO-1 and HOMO-2 at the same laser intensity also are included in Fig. 4 (dotted  lines) . At first glance, there is a great difference between the experimental data and the theoretical calculations. In molecules, the photoelectron spectra from different orbitals largely overlap during strong-field tunneling and will inhibit the complete selection of the angular tunneling rates for different orbitals as seen in the kinetic-energy spectra of O + in Figs. 2(a), 3(a), and 3(b) . According to the above estimation on kinetic-energy overlapping, we consider the contribution of ∼90% from the HOMO-1 and ∼10% from the HOMO-2 in the calculations of MO-ADK and MO-SFA theories for the dissociation peak channel (HOMO-1) , respectively, as shown in Figs. 4(a) and 4(b) (blue curves). And we consider the ionization contribution of 15% from the HOMO-1 and 85% from the HOMO-2 in the calculations of MO-ADK and MO-SFA models for the dissociation channel II (HOMO-2) [red curves in Figs. 4(a) and 4(b) ], respectively. With such a correction, the prediction of MO-ADK gives a lower ionization probability for both the HOMO-1 and the HOMO-2 at a larger angle in the molecular frame as compared with the experiment data. The MO-SFA calculation is closer to the measurement. However, the calculated angular ionization rates by MO-SFA are less dependent on the laser intensity and pulse duration, which disagrees with the experimental results. The SAE models lack good quantitative agreement with the measurement.
As seen in Fig. 1(a) , the dissociation energy from the ground state and excited states of O 2 + is very close. A part of the electrons ionized from the HOMO may also induce the molecular dissociation. Those electrons will be measured in our experiment, and thus, the ionization contribution from the HOMO cannot be excluded completely for the MFPADs of the HOMO-1. In the experiment of Pavičić et al., the measurement of the angular ionization rate from the HOMO of O 2 slightly deviates with the theoretical prediction [13] . The small amount of electrons tunneled from the HOMO may have an influence on the measured angular ionization yields for the HOMO-1. As shown in Figs. 3(c) and 3(d) , considering the Stark effect in MO-ADK, the calculated angular tunneling probabilities do not improve the agreement significantly [30] .
The angle-dependent ionization probabilities of two-photon ATD from the HOMO-1 also are measured as shown in Fig. 2(c) (at 2.5 × 10 14 W/cm 2 ) for 8-fs pulses, in Fig. 3 (e) (at 1.8 × 10 14 W/cm 2 ) and Fig. 3 (i) (at 1.8 × 10 14 W/cm 2 ) for 25-fs laser pulses. The measured angle-dependent ionization probabilities of two-photon ATD from the HOMO-2 by 25-fs laser pulses also are shown in Fig. 3(f) (at 1.8 × 10 14 W/cm 2 ) and Fig. 3(j) (at 3 × 10 14 W/cm 2 ). One can observe that the measured angular tunneling rates of the two-photon ATD processes from the HOMO-1 and HOMO-2 show very differently from those from the bond-softening process, which are very sensitive to the laser intensity and pulse duration. As seen in Fig. 3 , the overlapping effect of the kinetic energy of O + has a more significant influence on the two-photon ATD in strong laser pulses, and thus, the measured angular tunneling rates on two-photon above-threshold dissociation are strongly distorted and deviate much from the expectation of molecular tunneling theory. The angular ionization rates of the bond-softening process provide more realistic imaging on molecular orbitals. There is no available theory to calculate the angular tunneling rate for the two-photon above-threshold dissociation, which requests further investigation.
To summarize, our findings verify that the molecular inner orbitals have a non-negligible influence on strong-field molecular ionization, even for single ionization. The results reported here have several important implications. First, the tunnel ionization dynamics of the valence-shell orbitals of molecules can be measured and can be isolated with highresolution experiment. Using a coincidence measurement, the molecular orbitals from which photoelectrons tunnel can be identified. Second, we show that the available singly molecular tunneling theories are not able to give a satisfactory explanation for molecular inner valence electron tunneling. Currently, the tunneling from the excited states and the state coupling (e.g., the X-A, A-B couplings) has been neglected in theory. This study brings both challenges and opportunities to the molecular tunneling theory for the complex dissociative ionization process. Third, strong-field tunneling microscopy has emerged as a particularly powerful tool, allowing one to visualize quantum-mechanical properties that are considered elusive, revealing the electron density of molecular orbitals. Strong-field tunneling can provide access to electronic structure information of molecular core shells where the dynamics is less known. In reality, the molecular core orbital imaging using strong-field tunneling needs a much larger dissociative ionization probability for the coincidence measurement in order to achieve enough experimental statistics in a reasonable beam time. One may overcome the limitation by applying a high repetition (e.g., >6-MHz) femtosecond laser system [30] . Future work will move towards time-resolved tunneling dynamics from molecular inner orbitals, opening a perspective of imaging ultrafast dynamics of a chemical reaction related with the core orbital electrons in subangstrom resolution.
